When a mineral acid is administered to animal or man, a substantial fraction is buffered in sites other than blood or interstitial fluid. Van Slyke and Cullen (1) first observed that total blood volume could account for the buffering of only onesixth of a mineral acid load and suggested that buffer substances throughout the body, including those of the tissues, are utilized in the defense against metabolic acidosis. Recent studies in several laboratories have provided more detailed quantitative data on the internal distribution of administered hydrogen ions. Swan and Pitts (2) in nephrectomized dogs and Schwartz, Jenson, and Relman (3) in normal human subjects have demonstrated that only about one-half of a mineral acid load is buffered in the extracellular space and red blood cells. The remaining hydrogen ions exchange with sodium and potassium from tissue and bone and are presumably buffered in these areas.
When a mineral acid is administered to animal or man, a substantial fraction is buffered in sites other than blood or interstitial fluid. Van Slyke and Cullen (1) first observed that total blood volume could account for the buffering of only onesixth of a mineral acid load and suggested that buffer substances throughout the body, including those of the tissues, are utilized in the defense against metabolic acidosis. Recent studies in several laboratories have provided more detailed quantitative data on the internal distribution of administered hydrogen ions. Swan and Pitts (2) in nephrectomized dogs and Schwartz, Jenson, and Relman (3) in normal human subjects have demonstrated that only about one-half of a mineral acid load is buffered in the extracellular space and red blood cells. The remaining hydrogen ions exchange with sodium and potassium from tissue and bone and are presumably buffered in these areas.
The purpose of this investigation was to determine whether the partition of administered hydrogen ions between the intra and extracellular phases is the same regardless of the magnitude of the acid load, or whether variation in the severity of the acidosis results in preferential utilization of one or the other of the buffer compartments. In the present experiments the distribution of hydrogen was determined in dogs made progressively acidotic by the intravenous administration I This study was supported in part by grants from the National Heart Institute of the National Institutes of Health, United States Public Health Service, the American Heart Association and the Massachusetts Heart Association.
2This work was done during the tenure of an Established Investigatorship of the American Heart Associa- of hydrochloric acid. The data demonstrate that when equilibrium is allowed to occur the partition of hydrogen ions between extracellular and intracellular buffers is essentially unaffected by the degree of acidosis.
MATERIALS AND METHODS
Experiments were performed in 24 healthy mongrel dogs weighing from 10.5 to 21. 8 Kg. Small doses of morphine were used for sedation during the preparatory manipulations. The femoral artery and vein were cannulated with polyvinyl catheters. An indwelling catheter was inserted in the bladder, and a Levine tube was introduced into the stomach and left in place for the duration of the experiment. Heparinized arterial blood was collected anerobically for determination of pH, total carbon dioxide content, sodium, potassium, chloride, hematocrit, hemoglobin and total protein. Measurements were made of urinary titratable acid, ammonium, phosphorus, sodium, potassium, and chloride. The volume of gastric juice was measured periodically, and a 5-cc. aliquot was removed for determination of total acid content. The remainder of the gastric content was promptly returned to the stomach. The analytic procedures employed in this study have been described in a previous paper from this laboratory (4) . Following a control period of 30 to 60 minutes, during which urine and several blood samples were collected, hydrochloric acid in isotonic glucose was administered intravenously by means of a Bowman infusion pump. Employing concentrations of 0.5 to 1.2 N hydrochloric acid, it was ordinarily possible to limit the amount of fluid given to less than 5 per cent of estimated total body water. At the completion of the experiments, most of the animals were sacrificed and the volume and total acidity of the stomach contents determined. The small intestine was also regularly examined, but the volume of fluid was small and no measurement of volume or composition was attempted.
Two types of experiments were performed. In the first group of 14 continuous infusion experiments hydrochloric acid was administered without interruption until the animal died or the plasma bicarbonate concentration fell to less than 5 mEq. per L. In 11 experiments the rate of acid infusion was roughly 80 microequivalents per kilogram per minute and in three, 160 microequivalents per kilogram per minute. In the second group of ten intermittent infusion experiments hydrochloric acid was 
Calculations
Hydrogen ion balance was calculated in a manner previously described (3) . Retained acid was taken as the difference between hydrochloric acid administered and the increment in gastric acid secretion and urine acid excretion (ammonium plus titratable acid). The distribution of hydrogen ion in the buffers of the blood was estimated in the fashion described by Singer and Hastings (5). For these calculations blood volume was taken to be 70 cc. per kilogram of body weight, and red cell and plasma volume were considered to be constant, ignoring the small error introduced by withdrawal of blood. Initial extracellular fluid volume was taken to be 20 per cent of body weight and subsequent alterations estimated from changes in the "chloride space." The buffer contribution of extracellular bicarbonate was calculated from the'observed reduction in plasma concentration with the use of a combined Donnan and plasma water correction factor of 1.11. Intracellular buffering'was taken as the difference between total retained hydrogen ions and that buffered by the extracellular spaces Internal exchanges of sodium and potassium were estimated in the usual fashion from "chloride space" calculations. Shifts of potassium were interpreted on the assumption that there were no significant changes in nitrogen balance in the course of the experiment. Hemolysis was seen frequently at bicarbonate levels of less than 6 mEq. per L., but its effect upon calculated potassium shifts was ignored since the potassium content of dog erythrocytes is only from 4 to 12 mEq. per L. (7) .
RESULTS

Part I. Continuous infusion experiments
Distribution of hydrogen ions among the body buffers. Table IA Figure 1 and in Table IB , and demonstrates an apparent small intracellular buffer contribution early in the study with a much larger intracellular buffer contribution during the latter part of the experiment. Thus, extracellular buffers accounted for 83 per cent and intracellular buffers 17 per cent of the first 2.1 mEq. per kilogram of acid administered. In contrast, during the final pe6Red blood cell buffers make a relatively small and constant contribution to total buffering and have been included with the buffers of the extracellular fluid. The term "intracellular" is used broadly in this discussion to refer to all non-extracellular areas in which hydrogen buffering might occur. This probably includes not only muscle and other soft tissues, but also bone, which has been demonstrated to have a large labile store of sodium and potassium (6 Table IIB gives the calculated values for distribution of acid based upon measurements made two hours after each infusion. Acid distribution be-: tween intracellular and extracellular fluid for each infusion period is shown non-cumulatively in the lower half of Figure 3 . Intracellular buffering varied between 50 and 58 per cent, and extracellular buffering between 37 and 43 per cent during the course of the experiment. The remaining fraction of-administered hydrogen ions appeared in urine and gastric juice.
In the entire group of intermittent infusion experiments, the total acid administered varied from 7.1 to 15.1 mEq. per Kg. Some animals tolerated only two periods of infusion before developing lethal acidosis, others three and four. As will be seen, the amount of acid administered did not affect its pattern of distribution. Figure 4 Table II .
Renal excretion of potassium increased in all but the three experiments in which oliguria developed. In the seven experiments where urine volume remained at the control level or increased, the total potassium loss estimated from the increment above control excretion averaged 2.3 mEq. per Kg. This urinary loss represented 68 per cent of the potassium calculated to have been displaced from cells.
The mean intracellular sodium loss for the group as a whole was 3.81 (+ 1.61) mEq. per Kg., and comprised roughly 60 per cent of the estimated intracellular cation loss.
For the group as a whole the intracellular cation loss was of the same order of magnitude in each successive infusion period. For each experiment the average slope was calculated for a line defining intracellular cation loss as a function of total administered acid. The mean of the average slopes was 1.34 (+ 2.70), a value not significantly different from zero (t = 1.40, p > 0.19). The mean value for hydrogen calculated to have entered cells in this group of experiments was 6.33 (+ 1.86) mEq. per Kg., and the mean intracellular cation loss was 6.39 (± 2.56) mEq. per Kg.
There is no significant difference between these values (t = 0.05, p > 0.90).
pH and pCO2. The mean control pH was 7.33 (7.26 to 7.38). For the group as a whole there was a roughly linear fall in pH with successive infusion periods to a final mean value of 7.03 (6.81 to 7.15). At equilibrium after six of 31 infusion periods, pH returned to within 0.02 units of the pre-infusion value.
The mean control pCO2 was 39 mm. Hg (34 to 45 mm. Hg). For the group as a whole there was a roughly linear fall in pCO2 with successive infusion periods to a final mean value of 20 mm. Hg (9 to 31 mm. Hg). In seven of 31 infusion periods, however, there was no significant change in pCO2 (±3mm. Hg).
DISCUSSION
The present studies indicate that the distribution of hydrogen ions among the body buffers is not affected by the magnitude of the acid load. The apparent predominance of extracellular buffering early in the course of continuous acid infusion does not represent the "steady state" response to metabolic acidosis. The fact that bicarbonate concentration rises sharply when the acid infusion is stopped reveals that the curvilinear fall in bicarbonate concentration during continuous acid infusion is the resultant of two opposing processes. On the one hand, the infusion of acid converts bicarbonate to carbonic acid thus tending to lower plasma bicarbonate concentration. On the other hand, the diffusion of bicarbonate from the interstitial fluid to plasma and the transfer of hydrogen ions from interstitial fluid to the intracellular space both tend to elevate plasma bicarbonate concentration. In the continuous infusion experiments this process did not have a chance to approach equilibrium until the late stages of the experiments when the bulk of administered acid had been given adequate time for distribution. In the intermittent infusion experiments, where equilibrium was allowed to occur at successive points during the study, the partition of hydrogen ions between extracellular and intracellular buffers was found to be essentially unaffected by the degree of acidosis.
Within individual experiments of the intermittent group there were often rather wide variations from period to period in the estimated contributions of the two buffer compartments, the standard deviation from the mean in Figure 4 being + 11.6 per cent. It seems probable that the most Each point represents the total intra contribution up to the time of any given 4 servation. Note that the variation in bt total load by the intracellular area is lee cent in the course of nine of the ten experi important factor in the production o] tions was the secretion and absorptii intestinal juices. The single most c urement upon which the calculation distribution depends is plasma bica centration. Sudden transfer of a plasma and the gastrointestinal tract cretion or reabsorption of gastric markedly influence plasma bicarbo tration until equilibrium between p stitial fluid and tissues had been achie exchanges occurred shortly before the "equilibrium" blood, significant the calculations of buffer distribution Although total gastric losses were n present series of experiments, chang acid content from period to period V large enough to have introduced sig facts and were probably the chief random variations in calculated bul tion shown in Figure 4 . On the other hand, urinary acid losses were constant enough presumably to have been of lesser significance.
Errors in calculation of extracellular fluid volume are probably of minor consequence in the interpretation of these experiments. As estimated from "chloride space," extracellular volume increased steadily in the course of every experiment. The mean increase in extracellular fluid agreed closely with the change in inulin and radiosulfate space found by Swan and Pitts following a single acid infusion in nephrectomized dogs (2) . Although an assumed figure of 20 per cent of body weight was used for initial extracellular volume, substitution of other values between 15 per cent and 30 per cent does not significantly alter the calculated pattern of acid distribution.
The sources of error considered above are probably of the same absolute magnitude regard- (Figure 5 ) rather than the distribution of ss than 10 per only the small increments of acid added within iments.
each period, the variation within each experiment is much smaller than that shown in Figure 4 . In f these varia-nine of the ten experiments the variation in intracn of gastro-cellular buffering was less than 10 per cent. In critical meas-metabolic acidosis the plasma bicarbonate concenof hydrogen tration is affected by the total load of acid buffered Lrbonate con-in the extracellular space up to the time of blood cid between sampling. Figure 5 suggests that at equilibrium by either se-in any given subject the quantity of acid buffered juice would extracellularly bears a reasonably close relationnate concen-ship to the acid buffered within the cells. It folilasma, inter-lows, therefore, that a single bicarbonate determived. If such nation will give a satisfactory though approximate collection of estimate of the per cent reduction in total body distortion of buffer reserves. The rather large differences in would result. distribution of acid between experiments (Figure nodest in the 5) does not affect this conclusion, but it does sug-,es in gastric gest the difficulty of estimating the quantity of acid were probably responsible for producing a given reduction in rnificant arti-plasma bicarbonate concentration. The differcause of the ences in the relative distribution of acid from subffer distribu-ject to subject may in part have been the result of variations in the size of buffer stores, depending for example on the relative amounts of fat and lean tissue in a given animal.
In the present study hyperkalemia was observed in every experiment despite, in most instances, a normal urine flow and a marked increase in potassium excretion. Previous workers have noted sizable potassium shifts to extracellular fluid when metabolic acidosis was induced in nephrectomized animals (2, 8) . The present data suggest that in acute metabolic acidosis, even with intact kidneys, the rate at which potassium is displaced by hydrogen exceeds the kidney's excretory capacity for this ion. The degree of hyperkalemia was directly related to the severity of the acidosis, although the rise in plasma potassium concentration was generally smallest in the animals with the largest increments in potassium excretion. Potassium concentration rose by an average of 3 to 4 mEq. per liter, but it is probable that elevations of this degree would not be maintained in chronic acidosis where more complete renal compensation could occur. It should be noted, however, that serum potassium concentration tends to be maintained at slightly elevated levels relative to total body potassium stores as long as pH remains low (9) .
The mechanism governing the distribution of hydrogen ions through total body buffer stores is not clear from 'the present experiments. It seems likely that hydrogen ion distributes itself across cell membranes according to its electrochemical gradient (10) . Thus any change in intracellular-extracellular gradient of hydrogen would tend to produce a shift of this ion. The present data show a progressive reduction in extracellular pH as more acid was administered, and it seems probable that this increase in hydrogen ion concentration was the major factor in the transfer of hydrogen ions to the intracellular space. There were, however, exceptions to this pattern in individual experiments where despite a fall in plasma bicarbonate concentration and a sizable movement of hydrogen into cells, there was little or no change in extracellular pH. Nevertheless, hydrogen transfer may still be explained in terms of a change in hydrogen gradient, since in these instances extracellular pH was preserved by virtue of a sharp reduction in pCO2. Since a fall in pCO2 would probably be accompanied by a rise in intracellular pH, even in the presence of a constant extracellular pH the gradient would be altered in a way favoring the inward movement of hydrogen ions. Thus, although there is no entirely predictable pattern in the change of either pH or pCO2, their individual effects on hydrogen gradient may act together to produce roughly the same hydrogen distribution. Further studies with control of pCO2 may serve to clarify this problem.
SUM MARY
Hydrochloric acid was administered intravenously to dogs in order to define the internal distribution of administered hydrogen ions with varying degrees of metabolic acidosis. Experiments in which acid was infused continuously appeared to indicate preferential utilization of extracellular buffers in the initial phase with the contribution of intracellular buffers becoming more important as the acidosis increased in severity. However, when the acid load was administered intermittently, allowing time for equilibrium to occur, the partition of hydrogen ions between extracellular and intracellular buffers was found to be essentially unaffected by the degree of acidosis. The data indicate that at equilibrium the percentage reduction in plasma bicarbonate concentration provided an approximate index of the percentage reduction in total body buffer stores.
